Abstract. Although malaria contributes to a significant public health burden, malaria diagnosis relies heavily on either non-specific clinical symptoms or blood smear microscopy methods developed in the 1930s. These approaches severely misrepresent the number of infected individuals and the reservoir of parasites in malaria-endemic communities and undermine efforts to control disease. Limitations of conventional microscopy-based diagnosis center on time required to examine slides, time required to attain expertise sufficient to diagnose infection accurately, and attrition from the limited number of existing malaria microscopy experts. Earlier studies described magnetic properties of Plasmodium falciparum but did not refine methods to diagnosis infection by all four human malaria parasite species. Here, following specific technical procedures, we show that it is possible to concentrate all four human malaria parasite species, at least 40-fold, on microscope slides using very inexpensive magnets through an approach termed magnetic deposition microscopy. This approach delivered greater sensitivity than a thick smear preparation while maintaining the clarity of a thin smear to simplify species-specific diagnosis. Because the magnetic force necessary to concentrate parasites on the slide is focused at a precise position relative to the magnet surface, it is possible to examine a specific region of the slide for parasitized cells and avoid the time-consuming process of scanning the entire slide surface. These results provide insight regarding new strategies for performing malaria blood smear microscopy.
INTRODUCTION
Progress against malaria through mosquito control efforts using dichloro-diphenyl-trichloroethane (DDT) and effective chloroquine-based parasite treatment made significant strides in areas where primary health care and administrative and financial support for malaria eradication efforts have been available. 1 However, in many developing tropical countries, socio-economic factors in combination with selection of insecticide-resistant mosquitoes and drug-resistant parasites arose as challenges to the World Health Organizationsupported malaria eradication program 2 that was terminated in 1969. 3 With a limited arsenal of effective antimalarial drugs and continuing struggles to develop vaccines against any of the human Plasmodium parasite species, malaria control efforts have stalled. Today, malaria continues to be a major global health threat, causing 300-500 million infections and 1-2 million deaths annually. 4, 5 An important impediment to effective malaria treatment and control is the absence of low-cost diagnostic tools and strategies capable of evaluating infection status rapidly in rural settings where the majority of malaria cases are encountered. As a result, generalized treatment of malarial and bacterial infections follows symptom-based diagnosis. 4 This approach is certain to contribute to selection favoring drugresistant parasites and bacteria. Although the conventional blood smear serves as the "gold standard" tool for malaria diagnosis (individual diagnosis ≈ US$0.12-0.40), 4 it is widely acknowledged that molecular tools are faster (antigen-based rapid diagnostic tools [RDTs]) 6, 7 or provide significantly greater sensitivity and specificity (polymerase chain reaction [PCR]). [8] [9] [10] However, molecular techniques are unlikely to become "gold standard" malaria diagnostic methods. Current antigen-based RDTs are expensive (individual diagnosis ≈ US$0.60-2.50), 4 do not assess Plasmodium. vivax, P. malariae, or P. ovale with specificity, and have been observed to be less sensitive than the blood smear.
4,11 PCR-based diagnosis (individual diagnosis ≈ US$0.50-1.00) 4 requires a laboratory with electricity and expensive equipment and is most expedient when analysis is performed on large numbers of samples in a 96-well plate format. 12 In an attempt to overcome some problems inherent to blood smear microscopy, we have developed a magnet-based approach to concentrate malaria parasites and augment detection of malaria-infected erythrocytes by microscopy. This system, malaria magnetic deposition microscopy (MDM), exploits the fact that Plasmodium species parasites produce a crystalline by-product, hemozoin, from heme liberated during hemoglobin digestion. Unlike previous systems requiring elution of cells from steel mesh, 13, 14 MDM captures parasitized erythrocytes in a narrow magnetic field and deposits them directly onto a small region of a polyester slide, which is immediately ready for fixation and staining. By concentrating parasites, MDM increases the sensitivity of diagnosis and decreases the time it takes to read the slide. Here we show the ability of MDM to concentrate parasites of all four human malaria parasite species, including efficient capture of P. falciparum gametocytes.
MATERIALS AND METHODS
Parasite sources. Blood for this study was obtained from primates at the Centers for Disease Control and Prevention (CDC) Division of Parasitic Diseases, Atlanta, GA, and Yerkes National Primate Research Center, Atlanta, GA. P. falciparum-infected blood was drawn from an Aotus nancymai monkey with a peripheral blood parasitemia of 2.7%. P. vivax-and P. malariae-infected blood samples were drawn from Aotus vociferans monkeys with peripheral blood parasitemias of 0.1% and 0.4%, respectively. P. ovale-infected blood was taken from a chimpanzee (Pan troglodytes) with a parasitemia of 0.2%. All infected primate blood donors in the study had been splenectomized. Blood was collected in heparin tubes and diluted 1:6 with phosphate-buffered saline (PBS), pH 7.2, before loading 500 L of the diluted sample into the syringe pump. To produce a P. falciparum/P. vivax mixed infection, equal volumes of whole blood from each infection were mixed and immediately diluted 1:6 with PBS. All samples were processed fresh, within 6 hours of the time that blood samples were drawn. Protocols for infecting monkeys with malaria parasites were approved by the CDC Institutional Animal Care and Use Committee according to Public Health Service Policy.
Malaria MDM device specifications. Malaria MDM is based on an open-gradient magnetic field separator and a thin-film magnetapheresis process developed for cell analysis during past studies. [15] [16] [17] [18] [19] The magnetic field was designed to maximize local Maxwell stress gradients that drive cell separation from the flowing suspension ( Figure 1A ), optimizing erythrocyte capture from the cell suspension. 20 A fringing field of an interpolar gap, combined with a thin flow channel pressed against the interpolar gap, was used as a means of cell capture from suspension. The magnetic field was generated by a permanent magnet assembly comprising ferrite magnets (Dexter Magnetic Technologies, Elk Grove Village, IL) and a pair of 1016 low-carbon steel pole pieces (in-house model C designation). 15 The interpolar gap width was 1.27 mm; the magnetic field strength, H, measured at the midline of the interpolar gap at the magnet surface was 1.135 × 10 6 A/m; the magnetic field intensity, B, was 1.426 T; the magnetic field gradient was 804 T/m, and the magnitude of the Maxwell stress gradient was 1.824 × 10 9 AT/m 2 . The direction of the resulting magnetic force acting on erythrocytes was essentially perpendicular to the deposition surface along the width of the interpolar gap, and its magnitude rapidly decreased with distance from the interpolar gap ( Figure 1A ). The flow channel lumen (6.4 mm × 0.25 mm), including sample inlet and outlet tubing, was formed to meet a cutout in a silicone rubber gasket separating a thin, inner polyester sheet (75 m thick or one half the thickness of no. 1 glass coverslips, Clear Polyester; McMaster-Carr, Aurora, OH) from a thick, outer acrylic cover (4 mm). The interpolar gap formed a magnetic barrier to malaria-infected cells and was sufficiently long to accommodate five flow channels. Cell suspensions (500 L each) were delivered in a continuous manner into flow channels by syringes connected to inlet tubing and evacuated from flow channels by outlet tubing leading to waste containers ( Figure 1B . The same type Teflon tubing carried eluate fractions to sample collection tubes. The syringe pump was modified by fitting it with a five-syringe receptacle and by extending a pusher plate (not pictured) to accommodate all five syringe plungers. The position of each plunger relative to the pusher plate was individually adjusted by thumb screws to allow simultaneous delivery of all five samples. Before each experiment, the flow chambers and connecting tubings were primed with PBS (pH 7.2) so that cells entered the magnetic deposition zone in a fully developed flow. The flow channel dimensions and the volumetric flow rate of the cell sample were selected to maximize the cell interaction with the magnetic field, and consequently, increase the likelihood of depositing mobile cells magnetophoretically on the thin plastic sheet surface. The flow channel cross-section was 6.4 mm × 0.25 mm, the volumetric flow rate was 0.7 mL/h, the resulting average linear velocity of fluid across the interpolar gap region was 1.2 mm/s, and the average fluid volume element residence time in the interpolar gap region (taken as twice the interpolar gap width or 2.54 mm) was approximately 2 seconds.
After the entire cell suspension volume was pumped across the fringing field of the interpolar gap, the flow channel was disassembled, and the plastic sheet was evaluated for the presence of cells in the area exposed to the fringing field. The resulting, expected deposition pattern of infected erythrocytes formed a well-defined band on the plastic sheet visible by an unaided eye approximating the breadth of the flow channel and the width of the interpolar gap ( Figure 1 , B and C).
Staining and microscopy. Cells captured on the polyester slides were fixed for 30 seconds in 100% methanol and subsequently stained with 4% Giemsa. Once dried, the slides were mounted between a standard glass slide and coverslip with Permount (Fisher Scientific, Pittsburgh, PA). The slides were visualized and photographed under oil immersion at ×100 power.
RESULTS AND DISCUSSION
We used MDM to concentrate erythrocytes parasitized by all four human malaria species ( Figure 2) . P. falciparuminfected blood samples were enriched 40-fold from a parasitemia of 2.7% (Figure 2A ) to nearly 100% ( Figure 2B ). P. vivax-infected blood samples were enriched up to 250-fold, from an initial parasitemia of 0.1% ( Figure 2C ) to clusters with 25% ( Figure 2D ) infected erythrocytes. P. malariaeinfected blood samples were enriched from 0.4% to 100% infected erythrocytes, at least a 250-fold concentration (Figure 2, E and F). P. ovale-infected blood samples were enriched up to 375-fold from an initial parasitemia of 0.2% to clusters containing 75% infected erythrocytes ( Figure 2 , G and H). Additionally, we observed that MDM successfully concentrated P. simium-infected erythrocytes (data not shown). This observation, along with earlier reports, where magnetic columns were used to enrich murine malaria parasite (P. berghei) ookinetes, 21 suggests that magnetic capture methods are generally applicable to Plasmodium species.
In most malarious regions of the world, multiple Plasmodium species are present in the population, 22 and mixedspecies infections within individuals are common. 12 Therefore, to determine how a mixed Plasmodium species infection would be evaluated by malaria MDM analysis, we performed a mixing experiment with P. falciparum-and P. vivaxinfected blood samples (equal volumes of each sample) and prepared slides, and evaluated the mixture as previously described for the unmixed samples. In our results shown in Figure 3 , we provide evidence to show that malaria MDM concentrated infected cells of both Plasmodium species on one slide. Additionally, P. falciparum-and P. vivax-infected erythrocytes seem to have been captured in proportions similar to the initial parasitemia (∼20:1).
Consistent with hemoglobin digestion, liberation, and crystallization of free heme into hemozoin, we observed that trophozoites, schizonts, and gametocytes of all species were captured by MDM, but there was a noticeable underrepresentation of ring stage parasites. This observation is consistent with earlier reports and our own recent studies, where infected erythrocytes containing mature trophozoites and schizonts were captured on a magnetized steel mesh, whereas ring-stage parasites were less susceptible to the magnetic field. 13, 14, 23 This is an important limitation of the current method. Diagnosis of P. falciparum infection relies on observation of rings owing to the sequestration of trophozoites and schizonts in post-capillary venules away from peripheral blood flow ordinarily monitored by vena puncture or finger prick blood collection techniques. Moreover, because parasitemia is known to fluctuate at regular intervals, and the early developmental stages can comprise the majority of infected erythrocytes, capture of ring and early trophozoites would greatly improve the ability to estimate parasitemia. With the enrichment of gametocytes, it may be possible to estimate better gametocytemia and evaluate malaria transmission potential within endemic populations. Finally, we observed that hemozoin-laden macrophages were also captured by MDM from P. falciparum-infected blood ( Figures 2B and 3) .
As can be observed in Figures 2 and 3 , clustering of cells can compress erythrocyte membranes; however, this did not distort parasite morphology, staining, or infected versus uninfected erythrocyte size characteristics familiar to malaria microscopists. Slides from samples with lower parasitemia tend to have smaller and fewer cell clusters than high level infections. Unlike the typical blood smear pattern of evenly spaced cells, MDM deposits infected erythrocytes in cell clusters (uninfected erythrocytes can be found within these clusters at low frequencies) in close proximity to the inter-polar gap region between the edges of the magnetic bars (Figure 1 ). This greatly assists microscopists in locating infected cells and in restricting the region of the slide to be evaluated. Additionally, because MDM enriches capture of parasitized erythrocytes, it should facilitate differentiation of species-and stage-specific morphologic features by providing opportunity for comparison among a greater number of infected cells. These characteristics of malaria MDM slide preparations should contribute to more rapid evaluation of blood slides. Similarly, we anticipate that malaria MDM will also contribute to more thorough and efficient teaching of microscopybased malaria diagnosis.
In conclusion, we showed how malaria MDM enriches capture of parasitized erythrocytes and macrophages containing hemozoin. From these observations, it may be possible to guide development of future magnet-based strategies to label FIGURE 3 . MDM detection of P. falciparum and P. vivax from a mixed blood sample. Equal volumes of blood from P. falciparum-(initial parasitemia of 2.7%) and P. vivax-(initial parasitemia of 0.1%) infected monkeys were mixed and subjected to MDM analysis. Giemsa stained slides show MDM concentration of P. falciparum (Pf), P. vivax (Pv), and macrophages (M) containing hemozoin. FIGURE 2. Malaria MDM concentrates Plasmodium-infected erythrocytes. P. falciparum (A and B), P. vivax (C and D), P. malariae (E and F), and P. ovale (G and H) infections comparing conventional thin blood smear (top) and malaria MDM (bottom) for each Plasmodium species were prepared from infected non-human primate blood samples. Individual parasitemias determined by the Earle and Perez method were 2.7% for P. falciparum, 0.1% for P. vivax, 0.4% for P. malariae, and 0.2% for P. ovale. All slides were stained using standard Giemsa staining procedures and examined using a ×100 oil immersion objective. In B, M ‫ס‬ macrophage.
ring and early trophozoite cell surface proteins and capture these stages as efficiently as hemozoin-containing trophozoites, schizonts, and gametocytes. Because our current studies used infected blood samples from splenectomized non-human primates, it will be important to determine the efficiency with which malaria MDM captures Plasmodium-infected erythrocytes from infected people in different malaria endemic regions of the world. In preparation for field testing, we developed a prototype MDM device that requires no electricity and fits easily within a 45 mm × 45 mm × 105-mm box (500 g). Because the magnets involved in this technology are very inexpensive, we anticipate that costs associated with malaria MDM diagnosis will be equal to conventional blood smear microscopy (individual diagnosis ≈ US$0.12-0.40). 4 This approach may facilitate field-based malaria diagnosis and improve the specificity of health care in developing tropical countries. Application of such methods could contribute to significant reduction in malaria infection and containing antimalarial drug resistance. Finally, malaria MDM could also be used to enhance laboratory-based studies attempting to characterize factors that limit P. falciparum invasion of erythrocytes and efforts to develop new anti-malarial drugs and vaccines.
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